2, day 1 for both drugs). Pharmacogenomics of alpha-1-acid glycoprotein (aag) were also explored. Results Paired pharmacokinetic data sets for both drugs were evaluable in 21 patients. atrasentan was rapidly absorbed and plasma concentrations varied over a fourfold range at steady state within a typical patient. the median apparent oral clearance of atrasentan was 17.4 l/h in cycle 1 and was not affected by docetaxel administration (p = 0.9). Median systemic clearance of docetaxel was 51.1 l/h on the first cycle and significantly slower (p = 0.01) compared with that obtained during co-administration of atrasentan, 61.6 l/h. Docetaxel systemic clearance in cycle 1 was 70.0 l/h in patients homozygous for a variant allele in aag compared with 44.5 l/h in those with at least one wild-type allele (p = 0.03). Conclusion genetic polymorphism in aag may explain some inter-patient variability in docetaxel pharmacokinetics. the systemic clearance of docetaxel is increased by approximately 21 % when given concomitantly with atrasentan; however, atrasentan pharmacokinetics does not appear to be influenced by docetaxel administration.
Introduction
Docetaxel in combination with prednisone is a commonly prescribed treatment for men with castration-resistant, metastatic prostate cancer (CrPC) based on improvements in palliation, survival, and radiographic/prostate-specific antigen response rates with this regimen as compared with older chemotherapeutic regimens [1, 2] . to date, however, combining other agents with docetaxel has proven to be a Abstract Purpose this study was conducted to evaluate potential pharmacokinetic interactions between docetaxel and atrasentan as part of a phase I/II clinical trial. Methods Patients with prostate cancer were treated with intravenous docetaxel (60-75 mg/m 2 ) every 3 weeks and oral atrasentan (10 mg) daily starting on day 3 of cycle 1 and then given continuously. the pharmacokinetics of both drugs were evaluated individually (cycle 1, day 1 for docetaxel; day 21 for atrasentan) and in combination (cycle formidable challenge in men with CrPC, with no agents showing an improvement over docetaxel/prednisone alone. In an attempt to improve upon the outcomes with docetaxel alone, we combined it with atrasentan, a highly potent and selective endothelin-a receptor antagonist being evaluated in phase III studies for the treatment of men with CrPC [3, 4] . the clinical report of the study was previously published [4] ; however, the clinical pharmacology studies conducted in those patients were not available at the time of that publication and may provide insights into the clinical observations noted with this combination approach.
atrasentan specifically antagonizes the endothelial-a (et a ) receptor. Blockade of this receptor inhibits cancer cell proliferation, augments chemotherapy-induced apoptosis by reversing et a mediated cell survival and suppresses angiogenesis. [5] . Its effects on et a and thus vascular tone suggest usefulness in reducing the metastatic spread of prostate cancer cells, particularly to the bone as atrasentan may also inhibit osteoblastic bone remodeling through this mechanism [6] . Docetaxel acts directly on the malignant cell, which will eventually lead to cell death through apoptosis; however, et a receptor binding can suppress taxane-induced apoptosis [7, 8] . thus, it is reasonable to expect that the two drugs will act synergistically, one targeting the cancer cell, and the other decreasing the stimulus of the cancer cell to proliferate.
the rationale for evaluation of potential pharmacokinetic interactions between docetaxel and atrasentan was initially based on each agent's common metabolism by the CYP450 3a enzyme family [9, 10] . atrasentan has been shown to cause an in vitro concentration-dependent inhibition of CYP3a-and CYP2C9-dependent activities with IC 50 values of 3.0 and 35 μM, respectively [10, 11] . Furthermore, both atrasentan and docetaxel are highly bound to alpha-1-acid glycoprotein (aag). the latter may be an important determinant of docetaxel clinical pharmacology since interpatient variability in plasma aag can be wide due to factors such as tobacco smoking and such variability can be correlated with both efficacy and toxicity [12, 13] . thus, we designed the phase II portion of this study with the objective of evaluating pharmacokinetic interaction between the two agents using individual patients as their own controls. We additionally explored the influence of genomic variants in a major plasma binding protein for both drugs, aag. this paper is the first report to describe the pharmacokinetics of both drugs when administered in combination.
Materials and methods

eligibility criteria
Subjects participating in this study were required to have histologically confirmed metastatic prostate adenocarcinoma, with disease progression despite androgen deprivation therapy and a castrate level of testosterone (<50 ng/dl). Patients had no malignancies within the last 5 years, with the exception of superficial non-melanoma skin cancer, and a life expectancy greater than 6 months. all participating men were castrated either surgically or pharmacologically at least 3 months prior to screening (testosterone value <50 ng/dl). Pharmacologically castrated subjects were maintained on androgen suppression therapy for the duration of the study. a documented withdrawal period of 4-6 weeks was required for subjects who received anti-androgen therapy. the participants were required to have an adequate liver function (total bilirubin <26.5 mol/l, and alanine transaminase and aspartate transaminase ≤1.5 times the upper limit of normal), and adequate renal function (creatinine clearance ≥40 ml/min). additional details describing the eligibility are provided in the clinical manuscript [4] . this study was approved by the Duke University Institutional review Board and was therefore performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. all subjects signed an informed consent document prior to their inclusion in the study.
Study design and treatment schedule Docetaxel (60 or 75 mg/m 2 ) was administered by intravenous infusion over 1 hour every 21 days without prednisone. One 10 mg soft-gelatin capsule of atrasentan was given by mouth daily starting on day 3 of cycle 1 and continuously thereafter.
Pharmacokinetic studies the pharmacokinetics of docetaxel were evaluated during and up to 72 h after the first docetaxel infusion on day 1 of cycle 1 (alone) and day 22 (day 1 of cycle 2, concurrent with atrasentan). Blood samples were collected from an IV access separate from that used for infusing drug at pre-dose, and at 30 min (during infusion), 58 min (end of infusion), 1.25, 1.5, 2, 4, 8, 24, 48, and 72 h post-dose. all pharmacokinetic specimens were analyzed by the Pharmacology Core lab of the WVU/Mary Babb randolph Cancer Center. atrasentan pharmacokinetics were evaluated on an oral dose of 10 mg given to the same patients on day 21 of cycle 1 (alone; 20 days after first dose of docetaxel and 24 h prior to the 2nd dose) and day 22 (concurrent with docetaxel). Blood samples for atrasentan analyses were collected at pre-dose, and at 15 min, 30 min, 1, 2, 4, 8, and 24 h postdose. all analytic and data analyses were conducted in the Pharmacology Core lab, whereas all genomic analyses occurred in the Molecular Medicine Core lab both at the WVU/Mary Babb randolph Cancer Center.
Pharmacokinetic analyses
Docetaxel plasma concentrations were assayed using a validated lC-MS/MS method, modified from a previously published procedure [14] . the method employed liquidliquid extraction of human plasma using 1:4 (v/v) mixture of acetonitrile-n-butyl chloride and paclitaxel as an internal standard. Samples were passed through Waters Xterra (2.1 × 100 mm) C 18 3.5 μm analytical column and eluted with mobile mixture of methanol-water (70:30, v/v) containing 0.1 % (v/v) formic acid at a flow rate of 0.3 ml/ min. Detection was performed by tandem mass spectrometry in the positive-ion mode where the daughter ions of docetaxel (m/z 527.90) and the internal standard paclitaxel (m/z 286.20) were monitored (Micromass Quattro Micro, Waters, Milford, Ma). the standard curve had a linear dynamic range of 0.5-100 nM. Inter-day and intra-day coefficients of variation for the assay were each <5 %.
atrasentan plasma concentrations were determined using a validated HPlC-fluorescence assay method [15] with minor modifications. atrasentan was extracted from plasma using 1:1 (v/v) mixture of hexane/tert-butylmethylether; however, unlike the published method, the cleanup step following reconstituting the extract was omitted. Separation of atrasentan from the internal standard aBt-790 was achieved using a C 8 Waters Spherisorb (250 × 4.6 mm, 5.0 μm) analytical column and adsorbsphere Cn 5 μm (7.5 × 4.6 mm) guard column. the lC mobile phase utilized was a mixture of 0.5 M K 2 HPO 4 (pH 7.0)/acetonitrile/isopropanol/methanol 55:25:15:5, (v:v:v:v) and was delivered isocratically at a flow rate of 1.0 ml/min. Both compounds were detected using fluorescence using an excitation wavelength (λ ex ) of 273 nm and emission (λ em ) of 320 nm. the standard curve linear dynamic range was 5.0-100 ng/ml. Inter-day and intra-day coefficients of variation for the assay were each <15 %.
Pharmacokinetic parameter estimates for each patient's data sets were generated by the standard two-stage approach using non-compartmental techniques for atrasentan. a two-stage approach was also used for docetaxel; however, compartmental modeling was conducted given our past experience with large data sets using this approach and the nature of the sampling schema. Selection of the most appropriate model for a data set was primarily based on the akaike information criteria (aIC). all pharmacokinetic analyses were performed using Winnonlin Software (version 2.1, Pharsight Corporation, Mountain View, Ca). the absolute dose (non-normalized) was utilized as the input variable for all analyses. actual sample times obtained from initiation of the dose were calculated from the case report forms and used as primary input data.
aUC data provided in non-compartmental analyses were estimated using all samples obtained in the dosing interval without extrapolation. Compartmental analysis estimated aUC values from the modeled curve which was weighted by the inverse of the concentration squared. Initial parameter estimates and limits for all of the modeled analysis were program supplied.
Pharmacogenomic analyses
Previously identified variants in ORM2 (one of the two genes which encode aag) were analyzed from the patients' peripheral white blood cell-derived Dna by the Molecular Medicine Core of the WVU/Mary Babb randolph Cancer Center. genomic Dna was extracted using a QIagen allPrep Dna/rna mini kit (Qiagen, germantown, MD 
Results
Blood samples for pharmacokinetic studies were obtained from twenty-eight of the thirty-two patients enrolled on the clinical study which included 24 Caucasian men and four african american men. the average age of the participants was 69.1 years (range 50-81 years). the average plasma aag concentration was 789.3 mcg/ml, but varied over a fourfold range (392-1,545 mcg/ml). Only two of the 28 patients were actively smoking tobacco at the time of enrollment, and the aag concentrations in those individuals were in the upper quartile of patients in the study.
atrasentan pharmacokinetics
Matched sets of blood samples were available for analysis of atrasentan and estimation of pharmacokinetic parameters in 26 patients. Data from 4 of these patients were not used due to the unavailability of sufficient data points to estimate parameters in 3 of them and analytic interferences with atrasentan in the fourth patient's baseline and subsequent plasma samples.
atrasentan plasma concentrations increased rapidly following administration of the capsule (Fig. 1) . time of maximal concentration (t max ) typically occurred approximately 30 min after drug administration. table 1 displays the statistical summaries of atrasentan pharmacokinetic parameters. atrasentan median apparent oral clearance was 17.4 ± 9.1 l/h and 17.8 ± 6.2 l/h on cycle 1 and cycle 2, respectively (p = 0.9). the clearance varied over a sixfold range on cycle 1 (CV 47 %) and over threefold on cycle 2 (CV 29 %). the apparent oral clearance of atrasentan was not significantly different when docetaxel was added on cycle 2 (p value = 0.9). no association was found between atrasentan systemic clearance and patient body surface area (r 2 = 0.09). the two patients who were active smokers upon entering this study had the lowest aUCs and fastest apparent oral atrasentan clearances (14.4 and 25.0 l/h m 2 ).
Docetaxel pharmacokinetics
Matched sets of blood samples were available for analysis of docetaxel and subsequent estimation of its pharmacokinetic parameters in 21 patients. the semilog plots of plasma docetaxel concentration over time suggested triexponential decay following the infusion (Fig. 2) . Plasma concentrations obtained during the infusion on the second cycle in 2 patients were extremely high due to probable contamination with the infusion fluid, thus were excluded from analysis. Plasma samples were not available from another two patients in cycle 2, while there were an insufficient number of samples to accurately estimate pharmacokinetic parameters in the third patient.
Compartmental analysis of the docetaxel pharmacokinetics was performed using both two and three compartment models. the three compartment model provided the best characterization of data in all but three patients. Overall statistical summaries for parameter estimation obtained from the assigned best fit model are shown in table 2. Docetaxel systemic clearance varied over approximately a threefold range and was 20.5 % faster when given concurrently with atrasentan (51.1 vs. 61.6 l/h, cycles 1 and 2, respectively; p = 0.01; Fig. 3 ). (rs250242; a_4069_g), one of the two aag-encoding genes, displayed a minor allele frequency above 0.1 in this primarily Caucasian population of prostate cancer patients, and thus provided sufficient diversity to explore association with pharmacokinetic parameters. Pharmacokinetic data were used from the first cycle of therapy when drugs were given separately. Systemic docetaxel clearance was 70.0 l/h in the 24 % of patients homozygous (aa) for this minor/variant allele compared with 44.5 l/h in those having at least one copy of the wild-type allele (p = 0.03). atrasentan apparent oral clearance was not significantly different when segregated in a similar manner (p = 0.16).
Discussion
We conducted clinical pharmacology studies to evaluate the disposition of atrasentan and docetaxel when used in combination for men with metastatic, castration-resistant prostate cancer. a change in docetaxel disposition during daily administration of atrasentan was observed, perhaps explaining the previously published clinical toxicology observations of this combination [4] . the pharmacokinetics of atrasentan is subject to alteration by biologically relevant changes in CYP3a4 activity. Xiong et al. [16] reported a 150 % increase in atrasentan peak plasma concentration and 77 % reduction in terminal half-life of the drug when it was administered with rifampin, a known inducing agent of CYP450 3a4. We did not observe any effect of concomitant docetaxel on the pharmacokinetics of atrasentan. given our sample size, we should have been able to observe approximately a 24 % (or more) change in apparent oral clearance with 80 % power. area under the serum concentration-time curve values of atrasentan were similar whether the drug was administered alone or with docetaxel. this finding is consistent with previous knowledge that docetaxel does not induce or inhibit CYP3a4, the major CYP450 involved in the metabolism of atrasentan [17, 18] . Furthermore, atrasentan pharmacokinetic parameters observed on this study were similar to those reported using the drug as a single agent in both volunteers and patients with cancer [19] [20] [21] .
Docetaxel is metabolized mainly by CYP450 3a4/5, and its half-life was significantly increased when concomitantly administered to rats with ketoconazole, a potent inhibitor of CYP450 3a4 [22] . Preclinical studies conducted in vitro showed that atrasentan can inhibit CYP450 3a4; however, the maximal plasma concentrations observed in the patients on our study were approximately tenfold lower than the in vitro IC 50 value of 3 μM for inhibition. these data suggest that the systemic clearance of docetaxel is unlikely to be reduced by atrasentan based on metabolic inhibition. One previously published study evaluated the pharmacokinetic interaction of atrasentan on the CYP450 3a4 and 2C9 substrate, paclitaxel [23] . no significant difference in paclitaxel systemic clearance was observed, although the study was only designed to identify a comparatively large change (33 %) in pharmacokinetic parameter estimates with 80 % power [23] . We observed a statistically significant (21 %) increase in docetaxel systemic clearance upon the coadministration of atrasentan.
an alternative preclinical model of drug disposition using a human colon adenocarcinoma cell line has shown that atrasentan significantly induces several drug transporters and CYP3a4/5 [24] . the concentrations required for such induction in that study (50 μM) were substantially higher than those found in the plasma of patients on this regimen (0.2 μM); however, the transport mechanisms for atrasentan suggest it has potential to accumulate in hepatocytes where P450s are found [25] . this would potentially lead to clinically significant metabolic induction and thus explain the changes in docetaxel clearance observed.
another mechanism that could explain the change in docetaxel clearance in our study involves interaction at the plasma protein binding level. Docetaxel and atrasentan are both highly bound to plasma proteins (>99 %), primarily human serum albumin and α1-acid glycoprotein [26] . Competition between the drugs for protein binding sites could result in higher unbound concentrations [27] . given that the systemic clearance of docetaxel is well below that of liver blood flow, competitive displacement of the drug from protein binding sites could account for increased hepatic metabolism [28, 29] . Previous clinical studies have demonstrated systemic docetaxel clearance is sensitive to fluctuations in serum α1-acid glycoprotein concentrations encountered in patients, as described by reduced total plasma docetaxel clearance and lower toxicity in those with higher serum α1-acid glycoprotein [26, 30] . thus, if atrasentan displaced docetaxel from binding (similar to a reduction in the protein concentration), an increase in toxicity, as was previously reported in these patients, and an increase in the total plasma clearance as noted here would be anticipated [4, 31] .
the functional significance of polymorphisms in genes which code for aag, i.e., ORM1 and ORM2 has been reported to a limited extent. Fitos et al. [32] described in vitro imatinib-aag binding differences in human samples based on a variant F1-S associated with ORM1. li et al. [33] found higher unbound quinidine systemic exposure in subjects with the same phenotype. We chose to evaluate the pharmacologic relevance of the less studied polymorphisms in ORM2 since preliminary data suggested a limited number of evaluable polymorphisms but one in particular which had a reasonable expected allelic frequency for evaluation in the sample size anticipated for this study. Systemic clearance of docetaxel was approximately 1.6-fold higher in patients who were homozygous for the a_4069_g variant allele. We are unaware of any previously published studies which describe functionally significant associations with this variant, although a polymorphism located between ORM1 and ORM2 (rs1687390) has been correlated with the dosing requirements of warfarin (a known aag binder) [34] .
In summary, we observed a pharmacokinetic drug-drug interaction between atrasentan and docetaxel in the dose range used in clinical efficacy studies. While the precise mechanism behind this effect requires confirmatory studies, it could have important implication on use of use of any of the multiple drugs which are highly bound to aag when these are combined with docetaxel. Our data also suggest future studies should confirm the functional significance of genetic polymorphism in the ORM2 gene on drug binding to aag.
